ABSTRACT. A novel microfluidic system was designed to produce in a continuous manner hybrid nanomaterials using the microchannel double w/o/w emulsification technique. Double w/o/w nanoemulsions were produced combining two inter-digital micromixers that afford working in continuous flow and with a high reproducibility and control on the reaction conditions. High throughput production of two hybrid nanomaterials, Dye-doped SiO 2 (4 mg/min) and Au-loaded Poly(lactic-co-glycolic) acid (PLGA) (168 mg/min) nanoparticles, was achieved, showing the resulting nanomaterials excellent and reproducible optical properties and tunable loading. These hybrid nanomaterials could be potentially used in different biomedical applications. In addition, the microfluidic system designed for carrying out double emulsification enabled to decrease the particle size distribution of Dye-doped SiO 2 nanoparticles (NPs) up to 20 nm and to improve the Au NPs loading efficiency in Au-loaded PLGA hybrid nanoparticles. The excellent control achieved in the Au NPs loading allowed tuning the payload on demand. Finally, the microfluidic system designed in this work overpasses the productivity described in previously published batch-type reactors, while assuring the same properties of the resulting hybrid nanomaterials.
INTRODUCTION
The continuous advance of nanomaterials science and its unprecedented application in more than 1,800 nanotechnology-based consumer products [1] , indicate that nanomaterials are crucial to develop new applications: biological tagging [2, 3] , medical diagnostics and treatment [4] [5] [6] , solar energy harvesting [7] catalysis [8, 9] and electro-optical applications [10, 11] .
Hybrid and multifunctional nanomaterials attain new properties by combining several materials on the same nanosystem, achieving, in some cases, even synergetic properties.
However, some of the nanomaterials must be synthesized maintaining a sophisticated configuration (core/shell, hollow structure, nanoalloy, etc.…) to fulfil the required specifications.
The strict requirements on the characteristics of these nanomaterials pose serious challenges to their mass production [12] . This fact is largely attributed to the complex, multistep batch laboratory procedures that are not amenable to large-scale production.
The stages governing nanocrystals formation are highly sensitive to experimental details such as the way as reagents are introduced and mixed, stirring rate and heat transfer. This implies that to scale up a synthesis by simply increasing the volume of the reaction solution is just unfeasible [13] . Furthermore, it is challenging to achieve batch-to-batch reproducibility. Then, it seems obvious that the scale-up production in batch reactors is not amenable by increasing the reaction volume, and it should be performed by adapting the synthesis to a continuous process.
Emulsification is considered one of the nanomaterial production techniques with the highest size control reachable over the produced nanomaterials. This control is achieved by the formation of monodisperse micelles and vesicles that contain a representative amount of reagents and behave as individual nanoreactors. Highly energetic homogenization techniques such as probe sonication have been used to effectively produce tiny nanoparticles [14] . However, the sonication process presents a serious limitation for scaling-up the production [15] . As the intensity of the ultrasound in a liquid decreases rapidly with the distance to the sonotrode, larger volumes may not be well homogenized, providing a heterogeneous distribution of acoustic waves and consequent NPs polydispersity [15] .
Emulsification can also be produced in high-pressure valve homogenizers, static mixers and mechanically stirred systems, where a pre-emulsion is forced to pass through a high shear region to disrupt large droplets into smaller ones. However, the resulting droplets are highly polydisperse due to a non-homogenous distribution of shear stress [16] . Microengineering techniques address the limitations of conventional emulsifiers by controlling the location and distribution of shear stress. This fact can afford to achieve monodisperse droplets of tunable size.
The production of droplets is generated through microchannels, where mean drop size is controlled by tuning a wide variety of variables: system geometry, hydrodynamic conditions, emulsion formulation, and microchannel wettability [15] . Microchannels integrated in microreactors can have a plethora of geometries that ease the contact between the continuous and dispersed phases to generate drops (i.e.,T junctions, cross junctions, Y junctions and flow focusing devices) [16] . Continuous flow microreactors integrate heaters and fluid control elements that offer a solution to scale-up challenges and enable the multi-stage processing [17] .
Microreactors present inherent advantages, including enhancement of mass and heat transfer, feedback control of temperature and feed streams, good synthesis reproducibility, and low reagent consumption during optimization [18] . In addition, the small reaction volumes combined with the high heat and mass transfer rates enable to carry out fast kinetically-controlled reactions where the mixing time is shorter than the residence time.
Microchannel emulsification exploits the interfacial tension between non-miscible phases as the driving force for emulsion formation [19] . The high shear stress created at the microscale enables to deform and disrupt large droplets into smaller ones as a function of Laplace pressure, forming monodispersed emulsions. The production of microparticles by double emulsification in continuous flow is well-reported, but decreasing the particle dimension below the micrometer scale is challenging [15, 20] . Consequently, new synthesis approaches are still demanded [12] .
To the best of our knowledge, no publications face the nanoscale production of materials by the double emulsification technique.
This work aims to show the versatility of a microfluidic platform based on the assembly of micromixers and microfluidic coils to achieve an excellent control in the continuous production of two types of hybrid nanomaterials by the microchannel emulsification technique.
The synthesis of the selected nanomaterials is usually carried out in conventional batch reactors following multi-step processes, suffering from limited reproducibility and heterogeneity. We have adapted the batch production of dye-doped SiO 2 NPs and Au-polymer NPs to a continuous fashion procedure based on a double emulsification technique.
EXPERIMENTAL SECTION

Materials
Polymer 
Microfluidic Systems
Nanoparticles were prepared using two consecutive slit-interdigital micromixers with an inner 
Continuous FITC-SiO 2 NPs Synthesis Procedure
Firstly, a FITC-APTES conjugate was synthesized following Santra's procedure [21] . Figure S1 ). F2 stream carries the oily phase, consisting on 99 mL cyclohexane (82.8%v) and 20.57 mL of 1-hexanol (17.2%v). The two phases were injected into the micromixer by two syringe pumps, where the microemulsion was formed. A third stream F3, carrying an aqueous solution of 51 mL TX-100 (74.2%v), 6 mL NH 4 OH 25% (8.7%v) and 11.7 mL Milli-Q water (17.0%v), was introduced to the stream before the growth coil. Flow rates and concentrations were adjusted to keep the same molar ratios of the conventional synthesis method. F1 and F3 were set with a flow rate of 0.36 mL/min, whereas F2 was fed at 0.108 mL/min. After synthesis, the microemulsion was destabilized by adding a water-alcohol mixture (86% ethanol, 5% propanol, 5% methanol, 4% water), and centrifuged at 10,000 rpm during 12 minutes. Prior to the fluorescence measurements, the samples were centrifuged and rinsed with fresh Milli-Q water. Prior to sampling, the microemulsion was destabilized by adding a water-alcohol mixture (86% ethanol, 5% propanol, 5% methanol, 4%
water), and centrifuged at 10,000 rpm during 12 minutes. The instrument used was a Perkin
Elmer LS55 spectrofluorometer, equipped with a Xenon discharge lamp, using an excitation wavelength of 490 nm. Batch type synthesis of FITC-SiO 2 NPs was carried out following Santra's procedure [21] .
Continuous production of PLGA-Au hybrid Nanoparticles
Au-loaded PLGA Nanoparticles were prepared as follows: 
RESULTS AND DISCUSSION
This section is structured in two subsections that summarize the most relevant results obtained in the continuous production of two hybrid nanomaterials: FITC-SiO 2 NPs and Au-loaded PLGA NPs. In addition to the microfluidic production, both types of hybrid nanomaterials were also produced in conventional batch type reactors with the assistance of an ultrasound sonotrode. In addition to the aforementioned shortcomings of conventional reactors to operate in multi-step process reactions, we observed a remarkable limitation of performing the emulsification process with the sonotrode. Schematic representation of the continuous three-stage microfluidic system to produce hybrid Au-loaded PLGA nanoparticles. Two micromixers and a heated coil were used to achieve the emulsification of PLGA and Au NPs encapsulation, respectively. F1 contains PLGA and ethyl acetate, F2 is composed of chloroauric acid and sodium citrate dissolved in Milli-Q water, and F3 contains sodium cholate and Milli-Q water.
serious if the produced nanomaterials are aimed to be used in biomedical applications, as it occurs in this case, and it has been noticed by other authors working in the field [22] . However, there were no documented data to qualitatively estimate this abrasion phenomenon. Then, we consider that new emulsification approaches must be developed to assure not only a fine control in the synthesis conditions, but also free of cross-contamination. Considering these facts, we proposed a microfluidic system as an alternative approach to produce emulsions without metal contamination. The shear stress produced at the interphase of immiscible liquid microflows is energetic enough to achieve the emulsion formation without the need of external mechanical or ultrasonic forces [15] . In addition, there is no cavitation, avoiding abrasion phenomenon and emulsion contamination.
Production of dye-doped nanoparticle probes
Dye-doped nanoparticle probes (i.e., Cornell dots) have shown an excellent potential in bioimaging since they can carry many fluorescent molecules to enhance the detection sensitivity [23] . In addition, the encapsulation of fluorescent molecules within ceramic or polymeric matrixes reduces their exposure to intracellular media, preventing adverse photobleaching reactions, while exposing a biocompatible an easily functionalizable surface [24] [25] [26] [27] . Silica is a suitable material for this purpose since it exhibits good mechanical and chemical stability; it is easily dispersible in aqueous solutions and is optically transparent [24, 28] . However, the application of these nanoparticles in cellular and biological applications requires achieving a particle size as small as possible [23] .
Fluorescein-doped silica NPs are generally synthesized in a batch type reactor by the water in oil micro-emulsion technique. This procedure enabled to produce monodisperse nanoparticles with a mean particle size of 65±4 nm (Figure 2-a) [21] . The formation of micro-emulsions in batch reactors limits the amount of reactants within the micro-micelles, resulting on a better particle-size distribution than the ones obtained for particles resulting from the batch method without emulsification [29] . However, our efforts to decrease the particle size under the reported batch-procedure threshold were unsuccessful. Then, we decided to produce this type of NPs using the same chemical procedure than the protocol reported by Santra et al. [21] , but using the microchannel emulsification approach.
As depicted in Figure 1 -c, a slit interdigital micromixer (microchannels width= 45 m) was selected to create a high shear-stress by multi-lamination of the reagent immiscible streams. In addition, this micromixer retains a high surface area-to-volume ratio and excellent mixing characteristics which help to reduce or avoid temperature and concentration heterogeneities [15] . Silica precursor (TEOS) is hydrolyzed to form Si monomers, Si(OH) 4 , that can polymerize (condensation reaction) under the presence of aqueous ammonia that has the role of catalyzing the formation of silica and the entrapment of FITC. Consequently, it is of paramount importance to control the interaction between TEOS and ammonia in order to tune the growth kinetics of silica nanoparticles, as well as the dimensions of the micelles where these reagents are located.
Flow rates, streams compositions, geometric dispositions, residence times and temperatures were modified to tune the resulting particle-size distribution. If ammonia was fed in the F1 stream (i.e., injected in the first micromixer), a fast silica condensation blocked the interdigital micro-channels and a continuous production of dye-silica nanoparticles was not affordable.
Then, in a second approach, ammonia was downstream injected in an additional micromixer to promote the controlled diffusion into the micelles. Synthesis of SiO 2 NPs was previously studied in microfluidics systems using the well-known Stöber method. This microfluidic approach enabled to achieve monodisperse SiO 2 colloids over 100 nm size at a residence time ranging between 15 and 30 minutes [31, 32] . Then, we proposed in this work to accelerate the SiO 2 condensation by increasing the synthesis temperature [32] . Figure 2 -b depicts the morphology of the dye-doped SiO 2 NPs produced in a continuous fashion at 65 o C with only 10 minutes residence time. The particle size distribution was heterogeneous, inferring that the emulsion was not properly formed at those studied conditions.
According to previous results, the temperature of reagents during the mixing stage controls the microchannel emulsification process since there is a balance between the viscous shear stress and the surface tension to obtain an homogenous emulsion [15] . Consequentially, the synthesis of Further TEM analysis showed that after 90 minutes, the mean particle size was 22±4.1 nm where SiO 2 NPs grew faster in microreactors than in batch reactors at similar synthesis conditions. The confinement of reagents in nanoscale vesicles (nanoemulsion) enables a fast crystallization rate, but still preserving an excellent control in the nucleation and growth stages to produce monodisperse nanoparticles. Then, this microfluidic emulsification approach reduces the synthesis time and accelerates the silica growth from the reported 15 minutes (traditional Stöber method in microfluidics) [32] to just 3 minutes, with an approximate productivity of 4 mg/min.
In addition, there is a remarkable reduction in the nanoparticle sizes from 67 nm in batch-type reactor to 22 nm in the microfluidic system. This fact is remarkable to direct the application of these nanoparticles towards a biomedical use as imaging probes.
Finally, Figure 3 shows the fluorescent spectrum of dye-doped SiO 2 NPs produced by microchannel emulsification. Maximum emission for these nanoparticles was found at 515 nm.
A comparison with free FITC-APTS conjugate and with nanoparticles prepared by the conventional method [24] shows the same emission pattern. Having fluorescein small stokes shift, lamp reflection can be seen as a saturation signal between 480 and 500 nm. UV-VIS analysis rendered a 20.5% labelling yield, with a 0.19% weight of FITC encapsulated in the silica nanoparticles.
In light of these results, a monodisperse production of fluorescein-doped 19-22 nm SiO 2 NPs was achieved in a residence time as short as 3 minutes. The most interesting feature is that the particle size was threefold decreased from the previously reported data (67 nm), while retaining the fluorescent emission and increasing the production rate 500 times as compared to the reported batch processes, typically conducted in 24 hours [21] . Without a doubt, these achievements will improve the translation of fluorescein-doped silica to any biomedical imaging applications. 
Production of Au loaded polymeric nanoparticles
Encapsulation of Au NPs in polymeric matrixes was selected as a potential nanocrystallization process to highlight the versatility of the proposed microfluidic platform. The methodology commonly used to prepare polymeric NPs by emulsification is directly related to the particle size and morphology. In addition, the encapsulation of metal NPs in polymeric NPs to produce hybrid materials for biomedical applications as theranostic agents is challenging [3] . We have currently developed a new encapsulation strategy based on the in-situ reduction of AuCl 4 -ions inside the polymeric matrix using batch type reactors [3] . Tetrachloroaurate and citrate ions were entrapped in poly(DL-lactic-co-glycolic acid)-PLGA NPs, that were prepared by a double emulsion (w/o/w) method [3] . The reduction of AuCl 4 -ions by citrate can be activated on demand by controlling the temperature of the emulsion. Considering that citrate ions act as a weak reducing agent, the highest the temperature is, the fastest the reducing kinetics of AuCl 4 -are. [3] This strategy exerts the advantage that Au precursor is reduced after its encapsulation, which assures a selective formation of Au NPs inside the PLGA NPs. However, the reduction temperature must be lower that the vitreous transition temperature of the PLGA polymer, 45-50 °C. [3] We selected 45°C as a suitable temperature to activate the redox reaction while keeping sufficient polymer rigidity to minimize the outward diffusion of the encapsulated chemicals. This reported procedure circumvents some of the weaknesses of previous metal NP encapsulation strategies and enables the selective encapsulation of Au NPs in PLGA nanoparticles with a 100% loading efficiency (Figure 4 a-b) [3] . However, our reported procedure is a multi-stage synthesis procedure that is carried out in a batch type reactor, where the production rate is limited and an excellent control of synthesis variables is required to assure good reproducibility. Consequently, the design of a continuous production procedure would be of high interest [12] .
The selective loading of Au NPs inside of PLGA NPs is highly dependent on two crucial stages: Au precursors entrapping and AuCl 4 -reduction rate. The use of strong reducing agents such as sodium borohydride did not able to match the loading of Au precursors in the double w/o/w emulsion and the chemical reduction of Au ions (Figure 4-c) . The fast reduction kinetics achieved with NaBH 4 inhibited the encapsulation of AuCl 4 -and Au NPs were located outward the emulsion. On the other hand, the presence of a weak reducing agent, such as citrate ions, enabled the reduction of AuCl 4 -to Au 0 following a kinetic rate that is directly proportional to the temperature. At room temperature the gold reduction by citrate ions is negligible, which is desired to reduce on demand the gold precursor once it is entrapped in the polymeric matrix.
However, not only a control on the reduction rate is required but also the solvent diffusion from the w/o/w emulsion during the temperature-triggered reduction step.
The solvent evaporation method is a well-established procedure to form polymeric NPs by the evaporation of the organic solvent and consecutive shrinkage of the initial emulsion droplet [33] .
At the end, the polymer dispersed in the emulsion droplet is not soluble in the aqueous media and minutes. The flow rates required to produce the polymer NPs (54 mL/min) by microchannel emulsification are larger than the ones used to form dye-doped SiO 2 NPs (0.82 mL/min) because of the high shear-stress required in the water-ethyl acetate system [15] . It implies that the NPs throughput is considerably improved with reference to the batch production. NPs is close to the surface but they are still immersed in the PLGA matrix. This fact is in agreement with previous findings where electron microscopy images and pyrene fluorescence were used to elucidate the Au NPs location [3] .
A further microscopy analysis from a single Au-loaded PLGA hybrid NP, using a STEM microscope with HAADF detector sensitive to the atomic number and the energy-dispersive Xray spectroscopy analysis (EDS) on the brightest NPs, confirmed the location of Au NPs embedded in the PLGA matrix ( Figure 4 l-m). Finally, the UV-Vis characterization showed the characteristic surface plasmon resonance peak of Au nanoparticles produced by citrate method (Figure 4 -n).
The mean particle size was mainly sensitive to different parameters such as temperature, residence time, F1-F2-F3 flow rate ratios and polymer concentration. Figure 5 depicts some representative SEM images and the particle size distribution histograms of PLGA nanoparticles produced in continuous flow at different synthesis conditions. The residence time is a key variable to assure a high shear stress during the emulsification process. When the flow rate of F1, F2 and F3 was proportionally decreased from a total flow rate of 54 mL/min to 36 mL/min, the mean particle size increased up to 568 nm, obtaining a wide nanoparticle-size distribution. On the other hand, the PLGA polymer concentration has a significant effect in controlling the particle size. It was observed that the mean particle size was smaller in the experiments carried out with a low content of PLGA ( Figure 5-b,c) . This result is in agreement with some previous works obtained in batch type reactors [34, 35] which was attributed to an increase of the The fine control achieved in Au-loaded PLGA NP production using microfluidics implies that the use of two micromixers not only enables to form w/o/w emulsions with a controlled size at the nanometer scale, but also to control the NPs payload. In addition, microchannel emulsification enables to achieve a higher productivity (2.8 mg PLGA/s) than the one obtained with a batch type process (1.6 mg/s) [3] (Figure 6-f) . Finally, the proposed microfluidic system facilitates the multistep processing, avoiding the diffusion of AuCl 4 -ions in w/o/w emulsions during the thermal treatment.
CONCLUSIONS
A new microfluidic system was developed to produce hybrid nanomaterials potentially used in biomedical applications using a continuous fashion. The novelty of the proposed microfluidic system is that it enables a high throughput production of w/o/w emulsions under micrometer scale. The production of these nanomaterials is complex in batch type reactors since they are 
